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ABSTRACT
Are the kG-strength magnetic fields observed in young stars a fossil field left over from their
formation or are they generated by a dynamo? We use radiation non-ideal magnetohydrody-
namics simulations of the gravitational collapse of a rotating, magnetized molecular cloud
core over 17 orders of magnitude in density, past the first hydrostatic core to the formation
of the second, stellar core, to examine the fossil field hypothesis. Whereas in previous work
we found that magnetic fields in excess of 10 kG can be implanted in stars at birth, this as-
sumed ideal magnetohydrodynamics (MHD), i.e. that the gas is coupled to the magnetic field.
Here we present non-ideal MHD calculations which include Ohmic resistivity, ambipolar dif-
fusion and the Hall effect. For realistic cosmic ray ionization rates, we find that magnetic field
strengths of . kG are implanted in the stellar core at birth, ruling out a strong fossil field.
While these results remain sensitive to resolution, they cautiously provide evidence against a
fossil field origin for stellar magnetic fields, suggesting instead that magnetic fields in stars
originate in a dynamo process.
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1 INTRODUCTION
All low-mass stars are magnetized, including our Sun, but the ori-
gin of stellar magnetic fields is uncertain. Low-mass stars tend
to have strong, kG-strength surface magnetic field strengths when
they are young that weaken as they age. This long-term evolution
is consistent with their magnetic fields being generated by con-
vective dynamos, because stellar rotation rates also decrease with
time due to the emission of magnetized winds and outflows (e.g.
Parker 1958; Schatzman 1962; Weber & Davis 1967; Skumanich
1972; Pizzolato et al. 2003; Wright et al. 2011; Vidotto et al. 2014;
See et al. 2015). In addition, since young, low-mass stars are fully
convective, it is generally assumed that any birth magnetic fields
are quickly diffused and replaced by dynamo-generated fields
(Chabrier & Ku¨ker 2006). However, there is observed to be a large
dispersion in the magnetic field strengths of young stars (e.g.
Johns-Krull 2007; Yang & Johns-Krull 2011), and these studies
have so far failed to find any correlation between the measured
magnetic field properties and the stellar properties thought to be
important for dynamo action. This has lead to speculation that
the magnetic fields of low-mass stars may be dominated by pri-
mordial or ‘fossil’ magnetic fields that are implanted during the
star formation process (Tayler 1987; Moss 2003; Tout et al. 2004;
Yang & Johns-Krull 2011). However, the strength and geometry of
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magnetic fields implanted in protostars during the star formation
process is unknown.
The first numerical studies to model the collapse of a mag-
netized molecular cloud all the way to stellar core formation
were performed by Tomida et al. (2013) and Bate, Tricco & Price
(2014). Bate, Tricco & Price (2014) showed that magnetic fields
with strengths in excess of 10 kG may be implanted in the stellar
core at birth. This supported the hypothesis that the strong mag-
netic fields observed in young low-mass stars may be fossil fields.
However, these calculations employed the ideal magnetohydrody-
namics (MHD) approximation, whereby the gas was assumed to be
sufficiently ionized such that the magnetic field was ‘frozen into’
the fluid as it collapses.
The molecular clouds where stars are born are only weakly
ionized (e.g. Mestel & Spitzer 1956; Nakano & Umebayashi 1986;
Umebayashi & Nakano 1990), implying that the ideal MHD ap-
proximation is not valid. Weakly ionized gas gives rise to three
main non-ideal MHD effects – ambipolar (ion-neutral) diffusion,
Ohmic resistivity and the Hall effect – where the relative im-
portance of each of these depends, amongst other things, on the
gas density and temperature, and magnetic field strength (e.g.
Wardle & Ng 1999; Nakano et al. 2002; Tassis & Mouschovias
2007a; Wardle 2007; Pandey & Wardle 2008; Keith & Wardle
2014). Ambipolar diffusion and Ohmic resistivity lead to the dif-
fusion of gas relative to the magnetic field and, therefore, are likely
to lead to weaker fossil magnetic fields. The Hall effect is not diffu-
sive but modifies the geometry of the magnetic field to increase or
decrease the angular momentum in the dense gas that collapses to
c© 2018 The Authors
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the equatorial plane (Braiding & Wardle 2012). Recent star forma-
tion studies have included some or all of these non-ideal effects
(e.g. Tomida et al. 2013, 2015; Tsukamoto et al. 2015a,b, 2017;
Masson et al. 2016; Wurster et al. 2016, 2017b, 2018a; Vaytet et al.
2018).
In this paper, we build on Bate, Tricco & Price (2014) and
Wurster, Bate & Price (2018a) by modelling the gravitational col-
lapse of a molecular cloud core through the first and stellar core
phases to determine the magnetic field strength implanted in the
stellar core. In our primary analysis, we compare an ideal MHD
model to a non-ideal MHD model that includes a self-consistent
treatment of the non-ideal processes. In Section 2, we summarise
our methods and in Section 3 we present our initial conditions. Our
results are presented in Section 4, we discuss the caveats in Sec-
tion 5, and we conclude in Section 6.
2 METHODS
Our method is almost identical to that employed by
Wurster, Bate & Price (2018a): To solve the self-gravitating,
radiation non-ideal magnetohydrodynamics equations, we use
SPHNG, which is a three-dimensional Lagrangian smoothed
particle hydrodynamics (SPH) code that originated from Benz
(1990) but has been substantially extended over the past 30 years to
include (e.g.) a consistent treatment of variable smoothing lengths
(Price & Monaghan 2007), individual timestepping (Bate et al.
1995), radiation as flux limited diffusion (Whitehouse et al. 2005;
Whitehouse & Bate 2006), magnetic fields (for a review, see
Price 2012), and non-ideal MHD (Wurster et al. 2014, 2016). For
stability of the magnetic field, we use the source-term subtraction
approach (Børve et al. 2001), constrained hyperbolic/parabolic
divergence cleaning (Tricco & Price 2012; Tricco et al. 2016), and
artificial resistivity as described in Price et al. (2018).
We use Version 1.2.1 of the NICIL library (Wurster 2016)
to self-consistently calculate the non-ideal MHD coefficients, us-
ing the canonical cosmic ray ionization rate of ζcr = 10
−17 s−1
(Spitzer & Tomasko 1968; important at low temperatures and den-
sities) and thermal ionization (important at high temperatures and
densities). We include three non-ideal MHD terms: Ohmic resistiv-
ity, ambipolar diffusion and the Hall effect.
3 INITIAL CONDITIONS
Our initial conditions are identical to those in Bate, Tricco & Price
(2014) and Wurster, Bate & Price (2018a): A 1 M⊙ slowly rotat-
ing spherical molecular cloud core of uniform density is placed in
pressure equilibrium with a warm, low-density ambient medium.
The core has radius Rc = 4 × 10
16 cm, an initial (isothermal)
sound speed of cs =
√
p/ρ = 2.2 × 104 cm s−1, and a solid
body rotation about the z-axis with Ω = 1.77 × 10−13 rad s−1;
this rotation corresponds to a ratio of rotational to gravitational en-
ergy βr ≃ 0.005. The magnetic field is initially uniform in the
z-direction, parallel to and aligned with the rotation axis. The ini-
tial magnetic field strength is B0 = 163µG, which is equivalent
to a mass-to-flux ratio of µ0 ≡ µ(Rc) = 5 in units of the critical
mass-to-flux ratio (e.g. Mestel 1999; Mac Low & Klessen 2004).
We define
µ(r) ≡
M/ΦB
(M/ΦB)crit
, (1)
where
M
ΦB
≡
M(r)
pir2B(r)
, (2)
is the mass-to-flux ratio and(
M
ΦB
)
crit
=
c1
3pi
√
5
G
, (3)
is the critical value given in CGS units where the gravitational and
magnetic forces balance. In these equations,M(r) is the total mass
contained within a sphere of radius r, G is the gravitational con-
stant and c1 ≃ 0.53 is a dimensionless coefficient numerically de-
termined by Mouschovias & Spitzer (1976). Following Joos et al.
(2013), we define B(r) to be the average magnetic field strength in
a shell at distance r.
There are 3 × 106 equal mass SPH particles in the core, and
1.46 × 106 particles in the surrounding medium. This resolution
was found to be adequate to capture the evolution accurately in the
ideal MHD calculations of Bate et al. (2014).
4 RESULTS
Fig. 1 shows the evolution of the central and maximum magnetic
field strengths for the ideal and non-ideal MHD models. During
the isothermal collapse and early stages of the first core evolution
(ρmax . 10
−12 g cm−3; Larson 1969), the central magnetic field
strength increases and is independent of the ionization rate. In this
regime, the density is too low and the magnetic field strength is
too weak for the non-ideal effects to change the dynamics of the
collapse. During the first core phase, the magnetic field strength
grows rapidly with density for the ideal MHD model (Bmax ∝
ρ0.8max) (as previously seen in, e.g., Bate et al. 2014; Tsukamoto et al.
2015a; Wurster et al. 2018a). This is a stronger relation than the
Bmax ∝ ρ
2/3
max relation expected in isotropic contraction, since the
mass is primarily accreted via the equatorial plane. This new gas
drags magnetic field lines with it, amplifying the central strength.
In the non-ideal MHD model, Ohmic resistivity diffuses the mag-
netic field, thus the first core increases in density without a strong
amplification of the central magnetic field strength; this results in
the tapered growth rate during this phase.
By the end of the first core phase (ρmax ≈ 10
−8 g cm−3), the
maximum magnetic field strengths differ by a factor of∼6 between
the two models. Of even greater importance, the large physical re-
sistivity in the non-ideal MHD model diffuses the magnetic field
out of the centre of the first core, leaving the strongest magnetic
field to be in a wide, structured torus ranging 1-3 au from the centre
of the first core, but still within the first core; see Fig. 2. This is the
formation of the so-called ‘magnetic wall’ (e.g. Li & McKee 1996;
Tassis & Mouschovias 2005, 2007a,b); this feature was discussed
in Tomida et al. (2015), however, the structure was not prominent in
their model. The central magnetic field strengths of the two models
differ by a factor of∼35. Thus, despite the two models having sim-
ilar density profiles during the first core phase (top row of Fig. 2),
their magnetic field structures differ considerably.
Fig. 3 shows the mass-to-flux ratio (Equation 1) for the ini-
tial cloud core, at three epochs during the first core phase and two
epochs during the stellar core phase. In the central regions of the
core for both the ideal and non-ideal MHD models, the density and
magnetic field strength reach a plateau (in agreement with, e.g.,
Tomida et al. 2013; Wurster et al. 2018a); since the mass interior
to r necessarily decreases for decreasing r, the mass-to-flux ra-
MNRAS 000, 1–8 (2018)
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Figure 1. Evolution of the magnetic field strength against maximum den-
sity, which is a proxy for time. The vertical grey line indicates the formation
density of the stellar core, and the black circles are placed 6 months after
the formation of the stellar core for each model (i.e. dtsc = 0.5 yr). For
both models, the maximum density is coincident with the centre of the sys-
tem (i.e. ρmax = ρcen). In the ideal MHD model, the maximum and central
magnetic field strength are the same for the entire simulation. In the non-
ideal MHD model, the central and maximum magnetic field strengths are
no longer coincident near the end of the first core phase, and at stellar core
formation, are a few orders of magnitude lower than the values in the ideal
MHD model.
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Figure 2. Density (top) and magnetic field strength (bottom) slices through
the first hydrostatic core perpendicular to the rotation axis for the ideal (left)
and non-ideal (right) MHD models once the maximum density has reached
ρmax ≈ 10−8 g cm−3 (near the end of the first core phase). The initial mag-
netic field strength in both models is five times the critical mass-to-flux ra-
tio. The density slices are qualitatively similar. The magnetic field strength
follows the density profile in the ideal MHD model, while the maximum
magnetic field strength in the non-ideal MHD model is in a structured torus
at 1-3 au from the centre of the core.
tio µ(r) also decreases in this region. Outside of this central re-
gion, µ(r) > 5 since the cloud collapses faster along the mag-
netic field lines than perpendicular to them, increasing the mass
as a greater rate than the flux. During this phase in the non-ideal
MHD model, µnon-ideal(r) > µideal(r), indicating that the non-ideal
processes are diffusing the magnetic field, with significant diffu-
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Figure 3. The mass-to-flux ratio in units of the critical value as a function
of radius at six different epochs for the ideal (top) and non-ideal (bottom)
MHD models. The horizontal grey line represents the initial mass-to-flux
ratio, µ0 = 5. At t = 0, µ(r) = µ0 = 5 at r = Rc. The non-ideal MHD
processes diffuse the magnetic field even by ρmax ≈ 10−10 g cm−3, yield-
ing µnon-ideal(r) > µideal(r). There is significant diffusion of the magnetic
field for r . 10 au in the non-ideal MHD model.
sion for r . 10 au. The diffusion increases throughout this phase,
yielding an increasing maximum µ(r) as the first core evolves.
During the second collapse phase (10−8 . ρ/(g cm−3) .
10−4; Larson 1969), the central and maximum magnetic field
strengths of both models grow as B ∝ ρ0.6max, in agreement
with previous studies (e.g. Bate et al. 2014; Tomida et al. 2015;
Tsukamoto et al. 2015a; Wurster et al. 2018a; Vaytet et al. 2018).
During this growth, the maximum magnetic field strength and max-
imum density are coincident for the ideal MHD model, but not the
non-ideal MHD model.
We define the formation of the stellar core, dtsc = 0, to be
when ρmax = 10
−4 g cm−3. We define the radius of the core using
the gas with ρ ≥ 10−4 g cm−3. Due to computational limitations,
the ideal MHD model is evolved until dtsc = 0.7 yr, while the non-
ideal MHD model is evolved until 11.4 yr after the formation of
the stellar core. The top two panels of Fig. 4 show the evolution
of the radius and mass of the stellar core; the bottom panel shows
the evolution of the central and maximum magnetic field strengths.
Although both the ideal and non-ideal MHD models have similar
radii (at least for dtsc . 0.7 yr), the mass contained within the stel-
lar core differs, with the ideal model reaching a mass of 0.018M⊙
at 0.7 yr, whereas the non-ideal MHDmodel reaches a mass of only
0.0083M⊙ by 11.4 yr.
A dense stellar core with a strong magnetic field forms in the
ideal MHD model. The maximum magnetic field strength contin-
ues to increases until ρmax ≈ 10
−1 g cm−3, after which Bmax to de-
creases and µ(r) increases due to artificial resistivity; see the solid
red line in the top panel of Fig. 3 above and Section 5.2 below. The
maximum magnetic field strength reached in the stellar core occurs
several days after its formation and isBmax ∼ 4×10
5 G. This mag-
MNRAS 000, 1–8 (2018)
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Figure 4. The time evolution of the radius and mass of the stellar core after
the formation of the stellar core (at dtsc = 0 when ρmax = 10−4 g cm−3);
the bottom panel shows the maximum magnetic field strength (which re-
sides outside the stellar core for the non-ideal MHD model), and the central
strength (coincident with ρmax). The three models are ideal MHD, our fidu-
cial non-ideal MHD with ζcr = 10−17 s−1, and a non-ideal MHD model
with ζcr = 10−16 s−1. The stellar core radii are approximately indepen-
dent of the non-ideal processes, however, their mass growth rate is depen-
dent, with the growth rate slowing considerably for the non-ideal MHD
models. The magnetic field strength in the stellar core of the ideal MHD
model is higher than those found in young stars, and for the entire simu-
lation, Bmax = Bcen. The non-ideal MHD models have central magnetic
field strengths below ∼30 G over the first dtsc = 8 yr, suggesting that the
magnetic fields cannot be fossil in origin once non-ideal MHD processes
are self-consistently modelled.
netic field strength is much stronger than theB ∼ 103 Gfield found
in young stars (e.g. Johns-Krull et al. 1999; Valenti & Johns-Krull
2004; Symington et al. 2005; Yang et al. 2007). During the entire
evolution of the ideal MHD model, the maximum magnetic field
strength is in the centre of the core.
Fig. 5 shows cross sections of the density and magnetic field
strength in the stellar cores at dtsc = 0.5 yr, both parallel and per-
pendicular to the rotation axis and at two difference spatial scales.
At this time, the ideal MHD model has a spherical stellar core,
with a magnetic field strength that decreases with distance from the
centre of the core. The elongated region of strong magnetic field
strength corresponds to the stellar core outflow.
At the formation of the stellar core, the central magnetic field
strength in the non-ideal MHD model is ∼60 times lower than in
the ideal MHD model (see blue lines in Fig. 3 and bottom panel of
Fig. 4). This difference is a direct result of the different magnetic
field structure produced during the first hydrostatic core phase.
After the formation of the stellar core, the reduced magnetic
braking and resulting greater angular momentum leads to the for-
mation of a disc (Fig. 5) in the non-ideal MHD model. The maxi-
mummagnetic field in this disc is located& 0.02 au from the centre
(the stellar core has a radius of ∼0.01 au or 2 R⊙) and reaches a
maximum of ∼900 G several days after the formation of the stellar
core. Thus, the maximum magnetic field strength continues to be in
the disc rather than the stellar core itself, and the maximum mag-
netic field never again becomes coincident with the centre of the
stellar core. The maximum magnetic field strength remains below
∼900 G, which is ∼100–500 times lower that of the ideal MHD
model. Thus, even when considering the maximum magnetic field
strength, this model rules out the formation of strong fossil fields.
At the birth of the stellar core, the central magnetic field in the
non-ideal MHD model is Bcen ∼170 G and reaches ∼240 G a few
days later. It then decreases to ∼4 G after dtsc = 0.5 yr. As the
stellar core evolves, the central magnetic field strength fluctuates,
but remains below 10 G within the first 6 yr after the formation
of the stellar core. The strength rises to ∼30 G after dtsc ≈ 8 yr,
but does not surpass this value for the duration of the simulation
(ending at dtsc ≈ 11 yr). In the stellar core, the magnetic Reynolds
number is Rm,art ∼ 100 for artificial resistivity and Rm,phys ∼ 10
8
for physical resistivity. Since Rm,art ≪ Rm,phys, any diffusion that
is occurring in the stellar core is due to the artificial resistivity (see
Section 5.2).
The final central magnetic field strength is much less than the
kG magnetic field strengths observed in young stars, implying that
the magnetic fields in low-mass stars are generated in a subsequent
dynamo process rather than being fossil in origin. Even if the weak
magnetic field is a result of artificial resistivity, the central magnetic
field of Bcen ∼ 170 − 240 G implanted at the birth of the stellar
core is still below the observed kG magnetic field strengths, thus
providing evidence against a fossil field origin and favouring the
dynamo process.
5 DISCUSSION
5.1 Effect of higher cosmic ray ionization rates
As the comic ray ionization rate is increased, the gas should be-
come more ionized, resulting in a stronger magnetic field. Thus,
to verify our conclusion, we model an additional non-ideal MHD
model using the higher cosmic ray ionization rate of ζcr = 10
−16
s−1, which is 10 times higher than the canonical value.
Similar to the model with ζcr = 10
−17 s−1, the maximum and
central magnetic field strengths are no longer coincident during the
first core phase, and, as expected, remain higher than their counter-
part strengths in the model with ζcr = 10
−17 s−1. During the stellar
core evolution phase, the central magnetic field strengths decrease
in both models and remain below ∼30 G (bottom panel of Fig. 4).
Thus, even by increasing the cosmic ray ionization rate to 10 times
the canonical value, the stellar core magnetic field strength is still
several orders of magnitude below that required for fossil fields.
5.2 Effect of resolution and artificial resistivity
Artificial resistivity is second-order dependent on the resolution,
thus increasing the resolution will decrease the importance of the
MNRAS 000, 1–8 (2018)
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Figure 5. Stellar core structure at dtsc = 0.5 yr: Density (top two rows) and magnetic field strength (bottom two row) slices through the stellar core
perpendicular (first two columns) and parallel (final two columns) to the rotation axis at two different spatial scales, for the ideal and non-ideal (ζcr = 10−17
s−1) MHD models. By this time, the ideal MHD model has reached a maximum density in excess of ρmax ≈ 0.1 g cm−3, and the maximum magnetic field
is in the centre of the stellar core. The stellar core in the non-ideal MHD model grows much more slowly, and the maximum magnetic field strength in this
model lies outside the stellar core. The stellar core magnetic field strength is ∼3× 104 times lower in the non-ideal MHD model compared to the ideal MHD
model.
artificial terms. To illustrate the effect of numerical resolution, the
first and third columns in Fig. 6 compare the magnetic field strength
in a horizontal slice at two different resolutions during the first core
phase. The rows correspond to increasing maximum densities (top
to bottom).
During the first core phase of the non-ideal MHD models, the
maximum magnetic field strength is located in a torus near the edge
of the first core. Although physical resistivity is greater than arti-
ficial resistivity, the magnetic torus shows a dependence on both
resolution and the choice of artificial resistivity algorithm. Our pre-
vious studies (Wurster et al. 2016, 2018a) used the algorithm de-
veloped by Tricco & Price (2013) (hereafter TP13); this method
applies strong resistivity at strong magnetic field gradients. This
study, and Wurster et al. (2017b, 2018b), uses the artificial resistiv-
ity algorithm first presented by Price et al. (2018) (hereafter P18),
which applies resistivity at strong velocity gradients. A compari-
son of these two methods was presented in Wurster et al. (2017a),
which showed the TP13 resistivity was generally more resistive
than the P18 resistivity. Using TP13 (central column of Fig. 6), the
magnetic field is diffused out of the torus and into the centre of the
first core, similar to the effect of decreasing the resolution with the
P18 resistivity. The magnetic torus remains strong when using P18,
with the maximum magnetic field strength remaining in the torus
MNRAS 000, 1–8 (2018)
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Figure 6. Testing the dependence of the magnetic field structure in the first core phase on resolution and artificial resistivity for the non-ideal MHDmodel with
ζcr = 10−17 s−1. For our resolution study, the model in the left-hand column are initialised with 3×105 particles in the initial sphere, and the remaining two
columns are initialised with 3 × 106 particles. To test artificial resistivity, we use the algorithm from Tricco & Price (2013) (centre column) and Price et al.
(2018) (left- and right-hand columns). The panels are slices of magnetic field strength through the first core, perpendicular to the rotation axis at ρmax ≈ 10−10
(top), 10−9 (middle) and 10−8 g cm−3 (bottom). The magnetic field piles up in a torus at the edge of the first core in all three models, resulting in a weak
central magnetic field strength. However, the strong artificial resistivity in the 3× 105 model, and to a lesser extent in the TP13 model, diffuses the magnetic
torus, resulting in a more uniform structure and a slightly stronger central magnetic field strength.
rather than equilibrating between the centre and the surface of the
first core.
Fig. 7 shows the evolution of the magnetic field with density
after the formation of the first core for resolutions of 3 × 105 and
3 × 106 particles in the initial sphere for both our ideal and non-
ideal MHD models. During the final part of the first core phase and
into the second collapse phase (ρmax ≥ 10
−9 g cm−3), the low
resolution model yields lower magnetic field strengths when using
ideal MHD (top row). By dtsc = 0.5 yr, the central magnetic field
strengths differ by a factor of ∼5000, and the maximum magnetic
field strengths differ by ∼100. Bate et al. (2014) showed in their
Appendix A that the evolution of the magnetic field in ideal MHD
is approximately converged between 3 and 10 million particles in
the initial sphere.
As expected, the evolution of the magnetic field in the non-
ideal MHD model (bottom row of Fig. 7) is less dependent on the
resolution. In both models, the maximum magnetic field resides
in the torus during the second collapse phase, which is necessarily
better defined at higher resolution. The higher resolution simulation
results in a better defined magnetic wall where the magnetic field
piles up, hence the jump of the maximum magnetic field strength
(bottom right panel). At lower resolutions, the artificial resistivity
diffuses the magnetic wall, preventing the strong pile-up observed
at higher resolutions. This diffusion also results in the torus having
a magnetic field strength that is only slightly larger than the central
value.
At both resolutions, both the central and maximum magnetic
field strengths at dtsc = 0.5 yr agree within a factor of ∼2. Al-
though there is some fluctuation in the magnetic field strengths,
both models have central magnetic fields that are well below that
required for fossil fields, indicating that our conclusions are inde-
pendent of the specific artificial resistivity algorithm.
Fig. 8 shows the magnetic field strength in a vertical slice
through the stellar core at dtsc = 0.5 yr at two different resolu-
tions (left and right; both use the P18 resistivity). The differences
between the two ideal MHD simulations is stark, with a strong mag-
netic field strength in the centre of the core for the fiducial resolu-
tion (right), whereas the magnetic field strength has been diffused
out of the core in the low resolution model (left). In both non-ideal
models (bottom row), the magnetic field has been diffused out of
the core and resides in the disc; this disc is smaller in the low res-
olution model, and its maximum strength is ∼10 times lower. Both
models show similar central magnetic field strengths (see Fig. 7).
Computational resources currently prevent us from perform-
ing a non-ideal MHD simulation at 3×107 particles, thus we cannot
conclusively show convergence. However, the similarities between
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these two resolutions suggest that the weak central magnetic field
in the stellar core is real.
6 SUMMARY AND CONCLUSION
In this study, we modelled the collapse of a molecular cloud core
through the first and stellar core phases in a strongly magnetized
medium. In the ideal MHD model, the maximum magnetic field
strength was coincident with the maximum density, and grew to
strengths a few orders of magnitude higher than observed for young
stars; thus ideal MHD is a poor approximation when modelling star
formation.
In the non-ideal MHD model with the canonical cosmic ray
ionization rate of ζcr = 10
−17 s−1, the maximum and central mag-
netic field strengths are no longer coincident during the first hydro-
static core phase, with the maximum magnetic field strength lying
in a ‘magnetic wall’ 1-3 au from the centre of the core. Shortly af-
ter the formation of the stellar core the maximum magnetic field
strength in the magnetic wall is Bmax ∼ 900 G, while the central
magnetic field strength reaches only Bcen ∼240 G. Neither increas-
ing the cosmic ray ionization rate by a factor of 10, nor switching
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to a more resistive artificial resistivity algorithm caused the central
magnetic field strength to increase.
Therefore, when a self-consistent treatment of non-ideal MHD
is included in star formation simulations, the magnetic fields im-
planted in the stellar cores are lower than the kG magnetic fields
that are required to provide the observed field strengths of young
stars. Since our results are sensitive to resolution, we cannot make
a definitive conclusion, however, our results suggest that magnetic
fields of low-mass stars cannot be fossil in origin, but must be gen-
erated through a subsequent dynamo process.
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